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We use a self-assembled two-dimensional Coulomb crystal of ∼ 70 ions in the presence of an
external transverse field to engineer a quantum simulator of the Dicke Hamiltonian. This Hamil-
tonian has spin and bosonic degrees of freedom which are encoded by two hyperfine states in each
ion and the center of mass motional mode of the crystal, respectively. The Dicke model features a
quantum critical point separating two distinct phases: the superradiant (ferromagnetic) and normal
(paramagnetic) phases. We experimentally explore protocols that aim to adiabatically prepare the
superradiant ground state, a spin-boson cat state with macroscopic phonon occupation, which is
well-suited for enhanced metrology and quantum information processing. We start in the normal
phase, with all spins aligned along a large transverse field and ramp down the field across the critical
point following various protocols. We measure the spin observables, both experimentally and in our
simulations to characterize the state of the system at the end of the ramp. We find that under
current operating conditions an optimally designed ramp is not sufficient to achieve significant fi-
delity with the superradiant ground state. However, our theoretical investigation shows that slight
modifications of experimental parameters, together with modest reductions in decoherence rates
and thermal noise can increase the cat-state fidelity to ∼ 75% for N ∼ 20 spins. Our results open
a path for the use of large ensembles of trapped ions as powerful quantum sensors and quantum
computers.
I. INTRODUCTION
Complex quantum manybody systems can be used to
access entangled states that are a quantum resource for
a broad range of applications. For example, cat-states
are an excellent tool for quantum-enhanced metrology
[1–4], and cluster states are an important resource for
one-way quantum computation [5]. Such entangled states
can be generated through non-equilibrium dynamics or
by adiabatic state preparation. Both approaches require
the ability to dynamically control system parameters.
Quantum simulators with coupled spin and bosonic
degrees of freedom are emerging as powerful quantum
many-body platforms with easily tunable parameters.
These include cavity QED systems [6, 7] and trapped-ion
arrays [8, 9]. In the latter case, the ion spins are coupled
to one or multiple motional modes of the Coulomb crystal
via a spin-dependent drive, resulting in phonon-mediated
effective spin-spin interactions.
Most often, these systems operate in a regime where
the phonons only facilitate the effective spin-spin cou-
pling and do not enter the dynamics, allowing for their
use as quantum simulators of spin models. Great
progress has been realized in this effective spin-model
regime, including a recent observation of dynamical phase
∗ These two authors contributed equally
transitions in a one-dimensional chain of 53 ions [10].
However, in the context of adiabatic state preparation,
experiments have been limited to < 20 ions. Among
these, one can highlight adiabatic preparation of the frus-
trated ground-state of the anti-ferromagnetic long-range
Ising model [11, 12], as well as a proof-of-principle prepa-
ration of symmetry protected topological states in a spin-
1 chain[13].
While there are notable exceptions for single trapped-
ion experiments [14–20], the regime where the full spin-
boson dynamics has to be considered has remained
largely unexplored in the context of many-ion quantum
simulators. In this work, we focus on this regime by
realizing a trapped-ion quantum simulator of the Dicke
model, an iconic model in cavity QED which describes
the coupling of a (large) spin and an oscillator. The
Dicke model is of broad interest as it exhibits rich physics
including quantum phase transitions and non-ergodic be-
haviour. More recently it has gained renewed attention
due to its implementation in cold-atom systems [21–23]
and circuit QED [24].
Here, we investigate adiabatic quantum state transfer
in an array of ∼ 70 ions. The spin degree of freedom
of the ions (encoded in the two lowest hyperfine states)
are coupled via phonon-mediated long-range interactions
induced by laser forces, tuned only to excite the center
of mass (COM) mode of the Coulomb crystal. With the
addition of an applied transverse field the experiment
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2operates in a parameter regime where the phonons must
be actively included for a proper description of the adia-
batic protocol, which distinguishes our experiment from
past efforts. We explore the performance of the simu-
lator dynamics through various transverse field ramping
schemes, and use theoretical calculations to benchmark
the ground-state preparation fidelity and relevant spin
observables, whilst also gaining insight into the relevant
phonon dynamics. We also propose a simple procedure
to disentangle the spin and phonon degrees of freedom of
the targeted spin-boson cat-state, such that we can pre-
pare a spin only cat-state. Furthermore, we demonstrate
that even in cases where the fidelity of the target state is
not very high, one still can prepare metrologically useful
states.
II. SPIN-BOSON SYSTEM
Our experimental system uses a single plane, two-
dimensional (2D) array of laser-cooled 9Be+ ions in a
Penning trap. The internal states forming the spin-1/2
system are the valence electron spin states in the ground
state of 9Be+ [25–28]. In the 4.46 T magnetic field of the
Penning trap, these states are split by 124 GHz. The in-
terplay of the Coulomb repulsion and the electromagnetic
confining potentials creates a self-assembled ion crystal
that supports a set of normal modes [29] which we cou-
ple to the spin degrees of freedom via a spin-dependent
optical dipole force (ODF), generated by the interference
of a pair of detuned lasers with beatnote frequency ωR
[27].
We detune the ODF from the phonon modes such that
the COM mode is predominantly excited and we uni-
formly couple all the ions in the crystal [26]. Despite
the fact that this regime limits the Hamiltonian to be
collective, it allows us to generate highly entangled, and
metrologically useful states while remaining within the
bounds of computational feasibility for verification and
benchmarking. In the presence of an additional trans-
verse field, and in the frame rotating with ωR the system
is described by the Dicke Hamiltonian [30–32]:
Hˆ (t) = HˆSB;I + HˆB (t) + Hˆω;I , (1)
HˆSB;I = − g0√
N
(
aˆ+ aˆ†
)
Sˆz, (2)
HˆB = B(t)Sˆx, (3)
Hˆω;I = −δaˆ†aˆ, (4)
where δ ≡ ωR − ωCOM and ωCOM is the frequency of the
COM mode. In this work δ is always negative. The oper-
ator aˆ(aˆ†) is the bosonic annihilation (creation) operator
for the COM mode, B(t) is the time-varying strength of
the applied transverse field, and g0 represents the cou-
pling between each ion and the COM mode. We have in-
troduced the collective spin operators Sˆα = (1/2)
∑
j σˆ
α
j
where σˆαj is the corresponding Pauli matrices for α =
x, y, z which acts on the jth ion.
The Dicke Hamiltonian exhibits a quantum phase-
transition at Bc = g
2
0/|δ| in the thermodynamic limit
[33–35], separating the normal and superradiant phases.
In the strong-field regime, B  Bc (normal phase), the
spins and phonons decouple into a product state. Since
in this limit HˆB is dominant, the lowest-energy configu-
ration is for the spins to align against the field direction.
We note that while we are always in the symmetric spin
manifold (S = N/2), this state is often called a paramag-
netic spin state, which is fully polarized with respect to
the field with 〈Sˆx〉 = −N/2 and 〈|Sˆz|〉 = 0. The phonons
occupy the vacuum state and the ground-state is given
by,
|ψGSSB,B〉 = |0〉 ⊗ | −N/2〉x, (5)
where we used |n〉 for n = 0, 1, ... to denote Fock states
and describe the spin degree of freedom in the basis
|S,M〉x (|S,M〉z) which are eigenstates of Sˆ2 and Sˆx
(Sˆz), labelled by their eigenvalue S and −S ≤ M ≤ S
respectively. For brevity we contract the notation to
|S,M〉x ≡ |M〉x as we will only consider states in the
fully symmetric manifold S = N/2. We also adopt the
convention |ψSB〉 = |ψphonon〉 ⊗ |ψspin〉 to describe the
spin-phonon state, while the additional subscript B is
used to denote that this is the ground-state in the regime
dominated by the transverse field B.
Conversely, in the weak-field limit B  Bc (superradi-
ant phase), the spin and phonon degrees of freedom are
entangled. Here, the spin ground-state is ferromagnetic
(or a linear combination of spins all up and all down)
with 〈|Sˆz|〉 = N/2 and 〈Sˆx〉 = 0, and in the limit of
B → 0 is the entangled cat-state of spins and phonons,
|ψGSSB, I〉 =
1√
2
(
|α0, 0〉 ⊗ |N/2〉z ± |−α0, 0〉 ⊗ | −N/2〉z
)
,
(6)
where the subscript I denotes this ground-state is dom-
inated by the spin-boson coupling. Here, the phonon
mode acquires a macroscopic occupation |α0|2, where
α0 = g0
√
N/(2δ). The two states with spins all-up and
all-down that make up the cat-state are separated by an
energy gap at finite B which is suppressed exponentially
with atom number. We have introduced the displaced
Fock states |α, n〉 ≡ Dˆ(α)|n〉 to characterize the phonons,
with Dˆ(α) = eαaˆ
†−α∗aˆ the associated displacement oper-
ator [36], which for α = 0 are equivalent to the previously
defined Fock states |0, n〉 ≡ |n〉.
Finally, we note that the Dicke Hamiltonian has a spin-
phonon parity symmetry such that Hˆ(t) is preserved
under the simultaneous transformation of Sˆz → −Sˆz,
Sˆy → −Sˆy and aˆ→ −aˆ. The associated conserved quan-
tity of the Hamiltonian is the generator of the symmetry
eipi(aˆ
†aˆ+Sˆx). In the context of state preparation, this sym-
metry dictates that when ramping from high to low field,
the state |ψGSSB, B〉 will adiabatically connect to the super-
position |ψGSSB, I〉, to conserve the parity 〈eipi(aˆ
†aˆ+Sˆx)〉 =
ei
piN
2 . Specifically, for even N the ground-state will be
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FIG. 1. (a)-(b) Schematic of the low-lying energy levels of the Dicke Hamiltonian [Eq. (1)] in two regimes, associated with
the normal (paramagnetic) and superradiant (ferromagnetic) ground-state phases. (a) If the transverse-field is dominant then
the ground-state is |ψGSB,B〉, the product of the vacuum phonon state, with all spins aligned along B. For δ < B the low lying
excitations are phonon like. (b) If the spin-phonon coupling HˆSB is dominant the ground state is |ψGSB, I〉. For δ2 < g20 the low
lying excitations are displaced Fock states, here illustrated as the different occupied levels of two displaced harmonic oscillators.
On the other hand, for δ2 > g20 the excitations are spin-flips along eˆz.
the symmetric superposition with 〈eipi(aˆ†aˆ+Sˆx)〉 = ±1,
whilst for odd N the ground-state is the anti-symmetric
superposition with 〈eipi(aˆ†aˆ+Sˆx)〉 = ±i. In contrast, this
symmetry would be violated if one were to populate ei-
ther of the states |N/2〉z ⊗ |α0〉 or | − N/2〉z ⊗ | − α0〉
(which have 〈eipi(aˆ†aˆ+Sˆx)〉 = 0).
To construct efficient adiabatic protocols it is impor-
tant to understand the low-lying excitations and energy
spectrum of the Dicke Hamiltonian, and in particular
how the interplay of phonon and spin degrees of freedom
affects these. Both the strong- and weak-field ground-
states, as well as their respective low-lying excitations
are shown schematically in Fig. 1. The nature of the ex-
citations are dictated by the relative magnitude of δ, g0,
and B.
In the large B limit, if |δ| > B then the lowest en-
ergy excitations are spin-flips along eˆx. Conversely the
excitations are phonon like if |δ| < B.
In the weak-field limit, B  Bc, and if δ2 < g20 the
low-lying excitations are phonon-like. In this case the
lowest energy excited states correspond to displaced Fock
states, | ± α0, n〉 [see Fig. 1(b)]. On the other hand, if
δ2 > g20 then the low-lying excited states differ from the
ground-state by spin-flips along eˆz.
The spin-component of the ground-states in the two
regimes given by Eqs. (5) and (6) strongly resemble the
corresponding ground-states of the Lipkin model (LM)
[37], which emerges in the far-detuned regime wherein
the phonons can be adibatically eliminated. This cor-
respondence can be demonstrated by first rewriting the
spin-boson Hamiltonian in the form:
Hˆ(t) = −δbˆ†bˆ+ J
N
Sˆ2z +B(t)Sˆx, (7)
where bˆ = aˆ − [g0/(
√
Nδ)]Sˆz and J = g
2
0/δ. The
first term in the Hamiltonian describes phonons in a
displaced potential, with a spin-dependent displacement
α = [g0/(
√
Nδ)]Sˆz, which accounts for the coherent occu-
pation of the phonon mode in the weak-field ground-state
[Eq. (6)].
From Eq. (7) we observe that in the limit of large de-
tuning, |δ|  g0/
√
N,B, the phonons can be adiabati-
cally eliminated and we are left with an effective, spin-
only Hamiltonian:
HˆLM(t) =
J
N
Sˆ2z +B(t)Sˆx. (8)
Here, we will always consider the case where δ < 0
(J < 0), which generates the ferromagnetic Lipkin model
[38]. The Lipkin Hamiltonian exhibits a quantum critical
point at Bc = |J | ≡ g20/|δ|, analogous to the Dicke Hamil-
tonian, which separates the regimes of paramagnetically
and ferromagnetically ordered spin ground-states.
While the ground-state physics of the Dicke Hamilto-
nian mirrors that of the LM in the strong and weak-field
limits (in terms of the spin degree of freedom), their en-
ergy spectra can be markedly different depending on the
choice of δ.
4In the limit |δ|  g0/
√
N,B the eigen-spectrum of the
two Hamiltonians is identical. However, as the magni-
tude of δ is decreased the phonon and spin degrees of
freedom must be treated on an equal footing. Further-
more, at B ' |δ|, the model features a resonance, where
the states |m〉|−N/2〉x and |m−k〉|−N/2+k〉x , with k
a positive integer, become nearly degenerate and can be
resonantly coupled. In fact the position of this resonance
relative to the critical field strength Bc allows us to cate-
gorize the effect of phonons on the overall dynamics into
two cases:
• Case (i): |δ|  Bc. In this regime the resonance
B ' |δ| lies well above the critical point. The
ground-state |ψGSSB;B〉 = |0〉| − N/2〉x is decoupled
from other states at resonance. Thus, the dynam-
ics can be affected by resonant couplings to other
states (see above) only if excited states have be-
come occupied throughout the evolution, for in-
stance due to non-adiabaticity of the ramp.
• Case (ii): |δ| ∼ Bc. In this regime the resonance
and the critical point are not well separated. As a
result, the low-lying excitations at the critical point
of the Dicke Hamiltonian are a non-trivial super-
position of spin and phonon excitations, which is
very different to those of the spin-only LM. A radi-
cal consequence of this complex interplay is the re-
duction of the energy gap between the ground and
the first non-degenerate excited states at the criti-
cal point (referred to as the main gap throughout
the paper), relative to the LM gap. This reduc-
tion is a crucial effect in the context of adiabatic
state preparation, as the characteristic time-scale
to remain adiabatic is inversely proportional to the
energy gap.
Figure 2 illustrates the two cases, which can be char-
acterized by their energy spectra. In Panel (a) we plot
example spectra for δ/(2pi) = −1 kHz and δ/(2pi) =
−4 kHz. In the former case, the detuning is chosen close
to the critical field Bc, which leads to a large deviation
in the spectrum near the critical point and related reduc-
tion in the minimum energy gap, while in the latter the
spectrum near the critical point collapses to the effective
LM result. Panel (b) examines the magnitude of the en-
ergy gap at the critical point as a function of detuning,
relative to the LM.
III. PROTOCOLS FOR GROUND-STATE
PREPARATION
In this section, we consider different protocols to ef-
ficiently prepare the ground-state of the Dicke model
for B → 0. In all cases, we start with a large initial
transverse field Bi ≡ B(t = 0)  |J |, such that the
spin-component of the ground-state is all spins polar-
ized along −eˆx. For the experimental work, Doppler-
limited cooling of the phonon degree of freedom means
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FIG. 2. (a) The energy gap between the three lowest energy
states of the HˆLM and Hˆ, for two values of detuning δ. Ramps
were optimized with respect to the gap between the ground-
state and the first excited state in the same parity sector
which is shown in orange, and is referred to as the main gap
throughout the paper. The gap between the ground-state
and the lowest-excited state (of opposite parity), which below
the critical point Bc/(2pi) ∼ 1.5 kHz is almost degenerate
with the ground-state, is shown in blue. The presence of the
resonance near the critical point modifies the position of the
critical point and diminishes the magnitude of the main gap.
(b) Scaling of the main gap of the spin-phonon Hamiltonian Hˆ
with detuning, normalized with respect to the corresponding
LM with fixed J . (c) The transverse field ramps used for the
EXP (green), LIN (dashed blue), and LAA (black) protocols.
Panels (a)-(c) use N = 20 for calculations. (d) Schematic
of the disentangling protocol to extract a pure spin cat-state
from the spin-phonon ground-state |ψGSB, I〉. At the end of
the ramp, we quench the detuning δ → 2δ and evolve the
system for an additional duration td = pi/|2δ| at fixed B = 0.
The phonon states start at opposing coherent amplitudes and
undergo a spin-dependent coherent displacement which maps
them to the phonon vacuum state. See Sec. III and Appendix
A for further details.
that the initial phonon state should be described by a
thermal mixed state ρˆn¯ with mean occupation n¯ = 6,
such that the full spin-phonon state is characterised as
ρˆSB(0) = | − N/2〉x〈−N/2|x ⊗ ρˆn¯. We emphasize that
starting with an initial thermal distribution does not
change the physics discussed in the previous section (in
which the phonon component of the ground-state in the
normal phase was taken to be vacuum).
If B(t) is ramped to zero adiabatically, the ground-
state component of the initial ensemble will follow the
ground-state of the instantaneous Hamiltonian Hˆ(t), fin-
ishing in the state |ψSB(τ)〉 = |ψGSSB,I〉, which is a spin-
phonon cat-state [see Eq. (6)]. On the other hand, for
B → 0 the ground state of the LM is the spin cat-state
|ψGSS,I 〉 = (|N/2〉z + | −N/2〉z) /
√
2.
We note that the spin-phonon cat-state is an equiva-
lent metrological resource to the spin cat-state in terms
of the spin degree of freedom, e.g. it has the same sen-
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FIG. 3. Comparison of experimental results and theoretical (full spin-phonon) calculation for dynamics of spin observables. We
benchmark the Sˆz distribution functions extracted from experimental measurements of the spin-projection M
exp
z [column (a)]
and theoretical simulationsM thz [column (b)] at δ/(2pi) = −1 kHz with spin-dependent force chosen such that J/(2pi) = 1.75 kHz.
Respective ion numbers are N = 69 [LIN – row (i)], N = 68 [EXP – row (ii)], N = 76 [LAA – row (iii)]. We include a thermal
phonon occupation n¯ = 6 and neglect decoherence in these theoretical calculations. The double peak structure reflects the parity
symmetry of the ground-state and is visible in both experiment and theory results. (c), (d), and (e) show the corresponding
mean values of the magnetization 〈|Sˆz|〉, spin-projection 〈Sˆx〉, and mean phonon number 〈nˆ〉. The filled circles are experimental
measurements, the solid and dashed lines are the theory results without and with dephasing Γel = 280 s
−1. We indicate the
time at which the critical point is reached in each ramp by a vertical line. We highlight that for the LAA ramp this must
be interpreted with care, given that the majority of the ramp duration is spent in close proximity to the critical point [see
Fig. 2 (c)].
sitivity to rotations about Sˆz. However, it is difficult
to experimentally probe features of the entangled spin-
boson cat-state, such as the coherences. Specifically,
while we can individually measure spin and phonon de-
grees of freedom [39], we lack the ability to simultane-
ously control and measure the phonon and spin degrees
of freedom, which is crucial given that tracing out the
phonon mode from the spin-boson cat-state exponen-
tially suppresses the coherence between the spin states
|N/2〉z and | −N/2〉z (see Appendix A for details), lead-
ing to an unentangled mixed spin state. Instead, given
that we do possess the appropriate degree of control over
the spin degree-of-freedom, we discuss how one can eas-
ily recover the spin-only cat-state by disentangling the
spins and phonons in |ψGSSB,I〉. In Fig. 2(d) we illustrate
one such scheme where at the end of the ramp (B → 0),
we quench the detuning δ → δ′ = 2δ. As discussed in
detail in Ref. [32], in this regime the spin dynamics gen-
erated by Hˆ is equivalent to that of an effective Ising
model on the spins, as well as a spin-dependent displace-
ment for the bosons. The spin-component of |ψGSSB,I〉 is an
eigenstate of the Ising model and it will not evolve any
further. The evolution of the phonons for td = pi/δ
′ co-
herently displaces them by β(td) = −g0
√
N/(2|δ|)〈Sz〉.
This brings the phonons back to a vacuum state such
that | ± α0, 0〉| ± N/2〉z → |0〉| ± N/2〉z, thus disentan-
gling the phonons and spins. Tracing the phonons out
of the disentangled state recovers a spin-only cat-state
|ψGSSB,I〉 → (|N/2〉z + | −N/2〉z) /
√
2. A schematic of the
protocol is illustrated in Fig. 2(d) and details are pre-
sented in Appendix A.
Next, we investigate various ramp profiles to determine
an optimal protocol given the interplay of experimentally
realistic parameters and constraints with the varying de-
grees of adiabaticity of each protocol. An optimal ramp
should balance the two to achieve the highest possible
ground-state fidelity. Specifically, we study three dif-
ferent ramp-down protocols over a fixed time τramp (see
Fig. 2 (c) for time-traces of the applied transverse field):
(i) Linear (LIN): B(t) = B0(1 − t/τramp). While the
LIN protocol is the simplest to implement, its efficiency
is trivially limited by the relatively large speed at which
the critical point is crossed.
(ii) Exponential (EXP): B(t) = B0e
−t/τ . This is a
6commonly used improvement to the LIN ramp, in which
the field strength is ramped at a comparatively fast rate
at short-times, thus enabling the velocity at the critical
point to be significantly slower relative to the LIN ramp.
(iii) Local Adiabatic Approximation (LAA). The util-
ity of the (LAA) is greatest when one has a very detailed
understanding of the energy spectrum and critical point
of the model [11, 40]. Specifically, the LAA ramp is con-
structed based on the energy gap ∆ of the specific Hamil-
tonian studied. For the LM and spin-phonon models the
relevant gap is that to the lowest excited state of the same
parity [orange line in Fig. 2(a)]. The actual lowest energy
excited state [blue line in Fig. 2(a)] becomes degenerate
for small B  |J |, however, due to the symmetry of the
Hamiltonian these states remain uncoupled. The ramp is
designed to rigorously optimize the instantaneous veloc-
ity of the transverse field B˙(t) based on the instantaneous
gap ∆(t) [40], such that diabatic excitations are created
uniformly throughout the protocol. The ramp profile is
given by solving B˙(t) = 1γ∆(t)
2 with
γ =
τramp∫ B0
0
dB 1∆(B)2
(9)
a scaling factor determined from the initial and final mag-
netic field strengths and the total duration of the ramp.
From these equations we identify that the instantaneous
ramp speed will be slowest when the gap ∆ is minimal
and fastest when ∆ is largest.
IV. EXPERIMENTAL RESULTS
Resonant 124 GHz microwave pulses generate arbi-
trary collective spin rotations, enabling preparation of
the initial state |−N/2〉x. Resonant microwaves also im-
plement the effective transverse magnetic field B(t) of
Eq. (3) in the rotating frame of the qubit, where the ini-
tial field B(t = 0)/(2pi) ≈ 7.1 kHz is ramped to zero with
a voltage-controlled microwave attenuator. At the end
of a ramp the magnetization in a particular projection-
axis is measured by rotating that direction to the zˆ-axis
and measuring the global ion fluorescence scattered from
the Doppler cooling laser on the cycling transition for
ions in |↑〉z [25, 26, 28, 41]. We count the total number
of photons collected on a photomultiplier tube in a de-
tection period, typically 5 ms. From the independently
calibrated photons collected per ion, we can infer the
state populations, N↑ and N↓, and calculate the spin-
projection Mz ≡ N↑ − N/2 for each experimental shot.
From these measurements and repeated experimental tri-
als we construct the full probability distribution P (Mz).
Throughout the ramp, the spin-dependent ODF and
detuning δ are constant, corresponding to fixed values of
J, g0/
√
N  B(0). For the 2 ms ramp measurements of
Fig. (3) where N ≈ 70, the effective spin-spin interac-
tion and spin-mode coupling are J/(2pi) ≈ 1.75 kHz and
g0/(2pi) ≈ 1.32 kHz.
Off-resonant light scattering from the detuned ODF
laser beams is the dominant source of decoherence. For
our experimental setup this decoherence is well described
by single-particle dephasing with Γel ≈ 120s−1 estimated
from independent measurements at B=0 [42].
The exponential ramp time constant was set to τ ≈
0.6 ms. This value was chosen by experimentally opti-
mizing the magnetization 〈|Sˆz|〉 of the state at the end
of the ramp protocol. In order to account for the exper-
imental uncertainty in the spin-phonon coupling g0 and
consequently the spin-spin interaction J , we have opti-
mized the LAA ramp in a similar manner, varying the
estimated location of the critical point Bc ∼ J and op-
timizing via the magnetization 〈|Sˆz|〉 of the final state.
The exact functional form of the LAA ramp implemented
in the experiment was determined by solving the associ-
ated ODE in Sec. III with respect to the energy gap of
the LM Hamiltonian. Further details can be found in
Appendix. B. The profile of the transverse field for each
ramp is illustrated in Fig. 2 (c).
In the experiment, the detuning δ is set to be close
to the COM mode to generate the desired all-to-all cou-
pling. Moreover, δ/(2pi) = −1 kHz is typically chosen to
maximise the magnitude of the effective spin-spin Ising
interaction relative to relevant sources of single-particle
decoherence. For this condition the resonance lies close
to the critical point of the related LM, as discussed pre-
viously and illustrated in Fig. 2 (a). Hence, we expect
the dynamics to deviate strongly from an effective spin-
only description and that the phonons will play a crucial
role in understanding the dynamics and efficiency of the
ramp protocols.
A complete characterization of the prepared state by
measurement of the ground-state fidelity becomes ex-
ceedingly difficult for large systems. Instead, we charac-
terize the state throughout the ramps using global spin
observables. In particular, we focus on measurements of
the magnetization |Sˆz| and the collective spin-projection
along Sˆx. In Fig. 3, we show the complete distribution
functions of the experimentally measured observables, as
well as the mean-values. We compare the experimental
data to theoretical calculations of the full spin-phonon
model neglecting decoherence and assuming an initial
thermal state for the phonons with mean occupation
n¯ = 6. The dynamics of the Dicke model was solved us-
ing numerical integration of the Schro¨dinger equation and
thermal averaging of expectation values. We assumed the
spin degree of freedom is restricted to the fully symmet-
ric Dicke manifold (S = N/2) and used a truncated Fock
basis for the phonon degree of freedom. Here, the ap-
propriate truncation is estimated from the distribution
of the final ground-state and is increased to check that
results are converged.
The experimental and theoretical spin distributions
show good qualitative agreement. In particular, in both
simulations and experimental data we see a clear tran-
sition to a bimodal structure in the spin distribution
P (Mz) of the spin-projection Mz as the field strength
7is ramped down through the critical point (indicated by
the black vertical line in each plot), consistent with the
expected superposition of spins all up and all down as
B → 0 (although these results cannot be used to verify
any coherence between these states). The “smearing” out
of the bimodal P (Mz) distribution is largely attributable
to the initial thermal distribution of phonons.
A more direct comparison of the experimental data
and theoretical calculations is made via the mean-values
of the magnetization 〈|Sˆz|〉 and spin-projection 〈Sˆx〉, as
shown in Figs. 3 (c) and (d). We observe a depolar-
ization along Sx and increase in magnetization as the
system crosses the critical point (again, indicated by the
black vertical line in each plot) for all ramps. We observe
good agreement between experimental measurements of
the magnetization and our theoretical calculations, par-
ticularly for the EXP and LIN. There is a larger devia-
tion between experiment and theory for the mean spin-
projection 〈Sˆx〉 as, unlike the magnetization, this ob-
servable is strongly affected by dephasing mechanisms.
However, the depolarization at large B, most clearly evi-
denced in the LIN protocol, is faster than expected for the
estimated dephasing of Γel ≈ 120 s−1. Specifically, in or-
der to account for this depolarization we instead need to
include a larger dephasing of Γel = 280 s
−1. This dephas-
ing could be a result of the experimental system going
beyond the Lamb-Dicke regime, which is implicitly as-
sumed in the derivation of the Dicke Hamiltonian Eq. (1)
[26, 43]. Since including the effects of decoherence, in
combination with the large number of phonons and spins
is computationally challenging, we crudely model the ef-
fect of dephasing by 〈Sˆx〉 → 〈Sˆx〉e−Γt and 〈Sˆz〉 → 〈Sˆz〉
where Γ = Γel/2 [44]. Strictly modelling dephasing in
this manner is only valid in the B = 0 limit, however,
for B  J or B  J it is a reasonable approxima-
tion as in the former case the dynamics is dominated by
single-particle physics, while in the latter the decoher-
ence commutes with the spin-phonon coupling [Eq. (2)].
The faint dashed lines in Fig. 3(b) show the results with
dephasing for 〈Sˆx〉. With this simplistic treatment of de-
coherence, we highlight that 〈|Sˆz|〉 remains unchanged as
the decoherence commutes with Sˆz, whereas in an exact
treatment the depolarization of 〈Sˆx〉 would consequently
lead to a reduction in the final magnetization. While this
approximation is crude, for the EXP and LIN ramps it
improves the agreement between theory and experiment
for 〈Sˆx〉. However, it is insufficient to model the LAA
ramp as the majority of the evolution is spent at B ∼ J .
We generically find that the LAA and EXP ramps pro-
duce larger final magnetization [〈|Sˆz|〉/N = 1/2 ideally
for B(t) = 0] than the simpler LIN ramp. This coarse
observable indicates that the LAA and EXP ramps are
preferred ramping protocols for adiabatic state prepara-
tion.
We also compute the expected mean phonon occupa-
tion 〈nˆ〉 for each of the ramps in Fig. 3(e). We find
for all ramps the occupation quickly becomes macro-
scopic below the critical point, and the final occupation
is consistent with that of the superradiant ground state,
〈nˆ〉 ≡ |α0|2 ∼ 30. While we did not measure this quan-
tity experimentally, the phonon occupation is an accessi-
ble quantity [27] and could be quantitatively verified in
future experiments.
We further quantify the adiabaticity of the ramps on
relevant experimental time-scales by performing ideal
theory calculations of ground-state fidelity. We use the
spin-phonon model neglecting decoherence and ignoring
the initial thermal phonon occupation n¯ = 0. The fi-
delity to the spin-phonon cat-state state is then defined
as FSBGS ≡ |〈ψ(τramp)|ψGSSB,I〉|2. We find only the LAA
ramp has an appreciable fidelity FSBGS ' 0.25 (in con-
trast, FSBGS < 10−3 for the EXP and LIN protocols).
This poor outcome is attributable to modification of the
energy spectrum due to the proximity of the resonant
regime B ∼ |δ| to the QCP at B ∼ J for the experi-
mental detuning of δ/(2pi) = −1 kHz. Specifically, the
significant reduction in the main energy gap relative to
the LM implies much longer ramp durations are required
to maintain adiabaticity.
However, we must point out that the ground-state fi-
delity in the experiment is further limited by a combi-
nation of single-particle dephasing and the thermal oc-
cupation of the phonons. For an array of N ≈ 70
ions and current dephasing of Γ ≈ 60 s−1, the off-
diagonal coherences of the cat-state decay exponentially
as e−NΓt ∼ 10−4 for τramp = 2 ms. Assuming an adia-
batic ramp such that the cat-state is prepared perfectly
in the absence of decoherence, the fidelity to the cat-
state with dephasing can then be crudely estimated as
FSBGS,Γ ≈ (1 + e−NΓt)/2. In addition to this, the achiev-
able fidelity is also limited by the initial thermal occupa-
tion n¯ ≈ 6 of the COM mode. This reduces the actual
ground-state fraction of the initial spin-boson state by a
factor of 1/(n¯ + 1), and thus would reduce the achiev-
able fidelity to the final ground-state by the same factor,
FSBGS,n¯ → FSBGS,n¯=0/(n¯+1). The combination of dephasing
and thermal phonon occupation leads us to the prediction
FSBGS . (1+e−NΓt)/[2(n¯+1)] ≈ 0.07. This fidelity is neg-
ligibly small, particularly in the context that we require
FSBGS > 1/2 to differentiate from a statistical mixture of
the degenerate ground-states.
V. THEORETICAL PREDICTIONS FOR NEXT
GENERATION OF EXPERIMENT
The detailed analysis of experimental results presented
above allows us to devise methods which can lead to im-
proved ground-state fidelities. The first modification to
the experimental procedure is to avoid choosing a detun-
ing close to the critical point, which eliminates the com-
plications arising from undesirable spin-phonon entan-
glement, specifically, the relative reduction in the energy
gap. To this end, we set the detuning to δ/(2pi) = −4 kHz
while keeping the effective spin-spin interaction coeffi-
cient J of the LM model constant, thus realizing the same
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FIG. 4. Dynamics for different ramp protocols at δ/(2pi) =
−4 kHz. (a) and (b) show a comparison of dynamics of the
spin observables generated by the LM (solid) with the full
spin-boson (dashed). (c) The mean phonon number for the
Dicke model. The parameters are adjusted to keep the same
effective spin-spin interactions J/(2pi) = 1.75 kHz, N = 20
and initial n¯ = 0.
effective spin model. By shifting the detuning away from
the critical field strength the main gap at the QCP is
significantly increased and thus reduces the creation of
non-adiabatic excitations for typical ramping times.
The next generation of experiments are expected to im-
plement electromagnetically induced transparency (EIT)
cooling schemes [45]. This will substantially reduce the
initial thermal phonon occupation to n¯ ' 0.2 which cor-
responds to an initial ground-state fraction (of the full
spin-phonon Hamiltonian) of > 80%, greatly enhanc-
ing the achievable spin-phonon cat-state fidelity [FSBGS ∝
1/(n¯+ 1)].
With this improved initial state preparation, the re-
maining barrier to achieving appreciable ground-state fi-
delities for large arrays of ions remains the dephasing
Γ. Improved cooling will aid in eliminating the spurious
sources of decoherence, particularly those due to going
beyond the Lamb-Dicke regime. Beyond this, we then
anticipate a 4-fold reduction of the spontaneous emission
relative to coherent interaction strength by increasing the
angle between the ODF beams by a factor of 2 [26]. The
resulting reduction in decoherence Γ ∼ 15 s−1 will allow
us to reach fidelities of FSBGS ∼ 0.4 − 0.8 for a crystal of
20 ions under a ramp of τramp ∼ 1 − 4ms. Beyond our
specific system, there exist alternative trapped ion setups
with more favorable rates of decoherence, such as Yb+
or Ca+ ions in a linear RF trap [10, 46–48].
Figure 4 shows our theoretical predictions for spin-
observables for the LIN, EXP and LAA ramps with du-
ration τramp = 2ms, using the modified parameters dis-
cussed here and neglecting dephasing Γ = 0. By remov-
ing the resonance away from the QCP, we immediately
observe the dynamics of the LM and the Dicke model
(with initial n¯ = 0) can display good agreement.
We also calculate the fidelity to the ground-state for
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FIG. 5. Ground state fidelity to the spin-phonon cat-state
FSBGS (Dicke model) and spin cat-state FSGS (Lipkin model),
and QFI per particle FQ/N as a function of ramp dura-
tion, τramp for N = 20, n¯ = 0, and δ/(2pi) = −4 kHz.
The solid lines correspond to the ideal case Γ = 0, while
the dashed lines include the effect of dephasing Γ = 12 s−1
on the ground-state fidelity and QFI for the effective LM.
Here, we account for all relevant decoherence processes and
define Γ = (Γel + Γdu + Γud)/2 as the total decoherence rate.
Here Γud(du) is the rate of spontaneous emission (absorp-
tion) and is assumed to be negligible compared to dephasing
(Γel = 20 s
−1, Γdu = Γud = 2 s−1). In (a) we use the shaded
region to indicate an approximate confidence bound for ‘cat-
ness’ of the final state. The shaded region in (b) indicates the
loss of any metrologically useful entanglement.
the same parameters as a function of ramp duration in
Fig. 5. Neglecting thermal phonon population and de-
coherence, we find that significant fidelities, FSBGS > 1/2,
can be achieved with ramps of duration τramp ' 2− 4ms
depending on the chosen protocol. Given that the spin-
phonon dynamics now closely track the spin-dynamics in
this parameter regime, we estimate the effects of deco-
herence by considering only the spin-dynamics under the
LM with Γ = 12 s−1 (Γel = 20 s−1, Γdu = Γud = 2 s−1).
For these parameters, we estimate a maximum fidelity
of FSBGS ≈ 0.75 for the LAA ramp or FSBGS ≈ 0.5 for the
EXP and LIN ramps.
While achieving ground-state fidelities of O(1) with
9large number of ions in the presence of decoherence is
very challenging, one may also use ramping protocols to
generate highly entangled states. We use the quantum
Fisher information (QFI) as a witness to characterize the
depth of entanglement of the state as a function of ramp
time. For an arbitrary quantum state the QFI is defined
as [49]:
FQ = 2
∑
k,l
(λk − λl)2
λk + λl
|〈λk|Gˆ|λl〉|2 (10)
where Gˆ is a chosen generator, λk,l the eigenvalues
of the density matrix and |λk,l〉 the corresponding
eigenvectors. We optimize over all generators Gˆ =
~v · ~ˆS which correspond to collective rotations about
an axis of the Bloch sphere along the unit vector
~v = [sin(φ)cos(θ), sin(φ)sin(θ), cos(φ)] parameterized by
(θ, φ), which are the polar and azimuthal angles, respec-
tively. For the ground-state of the Dicke Hamiltonian
and LM the optimal rotation axis will be Gˆ = Sˆz, and
this is used in Fig. 5(b). For the Dicke model, we calcu-
late the QFI of the final state without any disentangling
operation to remove the phonons.
In order to benchmark the utility of the ramp it is
useful to compare our results to the QFI of the state
generated by the Ising dynamics. This is motivated by
previous experimental and theoretical results by several
co-authors discussed in Ref. [26]. Here, we perform the-
oretical simulations of 20 ions, using the LM and the
Dicke model, for the three different ramping protocols.
In Fig. 5, we compare the results of these state prepara-
tion protocols to the dynamics of the QFI under the ef-
fective all-to-all Ising Hamiltonian given by Eq. (8) with
B = 0, and the Dicke Hamiltonian with B = 0, fixing
the detuning δ/(2pi) = −4 kHz and J to be the same as
for the adiabatic protocol. In the case of the all-to-all
Ising Hamiltonian, we prepare an initial coherent spin-
state pointing along eˆx, identical to the large B state for
the ramping protocols. The peak in the QFI at ∼ 3 ms
corresponds to the spin cat-state for the Ising dynamics,
which is a superposition of (|N/2〉x + | −N/2〉x) /
√
2, in
contrast to the adiabatically prepared spin-phonon cat-
state for which the spins are aligned along ±eˆz.
In the absence of decoherence (solid lines), a LAA
ramp of τramp ∼ 1 ms matches the maximal entanglement
generated by the Ising Hamiltonian three times faster.
Thus while preparing the true ground-state is generically
difficult, one can still generate a useful bimodal distribu-
tion along P (Mz) which as the QFI demonstrates, is due
to a coherent superposition rather than a statistical mix-
ture. This implies that one can produce spectroscopically
useful entangled states using non-adiabatic ramps.
We find that in the presence of decoherence, specifi-
cally dephasing and spontanenous emission, the ability
to generate entanglement rapidly with a ramping pro-
tocol does have some benefit in comparison to the Ising
Hamiltonian. This is evidenced by the LAA ramp, which
is able to generate a slightly larger Fisher information FQ
at τramp ∼ 1 ms than that achievable by the Ising Hamil-
tonian at τramp ∼ 3 ms.
While the ramping protocols provide a procedure
to rapidly produce entanglement, the generated states
are not neccessarily amenable to simple inteferometric
schemes, such as Ramsey interferometry, as compared to,
e.g., the squeezed states produced by the Ising Hamilto-
nian. Generically, cat-like states require single-particle-
resolved detection to fully unlock their metrological use-
fulness [50], and this should be possible with the imple-
mentation of the single-site resolution capability of the
experimental setup. Beyond this, however, there are also
proposals for time-reversal schemes [51–54], intrinsically
related to recent measurements of out-of-time-order cor-
relations [25, 55].
VI. SUMMARY AND CONCLUSIONS
In this work, we have benchmarked the behavior of a
2D ion crystal of ∼ 70 ions in the presence of a trans-
verse magnetic field. The Hamiltonian dynamics result
from the interplay of the coupling between the trans-
verse field and the spins HˆB , the phonons Hˆω;I , and the
spin-phonon coupling HˆSB;I. We implemented different
ramps, transforming an approximately prepared ground-
state of the normal phase to the ground-state of the su-
perradiant phase of the Dicke Hamiltonian. Whilst the
ground-state physics of the Dicke Hamiltonian mirrors
that of the related LM, we demonstrated that the energy
spectrum can deviate significantly and has important im-
plications for adiabatic state preparation in a trapped ion
quantum simulator.
We have demonstrated that the appearance of states
with large magnetization 〈|Sˆz|〉 and a bimodal structure
in the related distribution function P (Mz), consistent
with the theoretical predictions. Our theoretical calcu-
lation of the full spin-phonon model displays qualitative
agreement, particularly for the observed spin distribution
functions.
We also presented theoretical results demonstrating
that by detuning further away from the COM mode al-
lows one to modify the level structure of the Dicke Hamil-
tonian in such a way that it mimics that of the LM.
However, we note that the detuning is still small enough
that we can maintain the same spin-spin couplings with
a modest increase in laser power, or simple rearrange-
ments to the ODF laser beam configuration. However,
the detuning still places us in a regime where the full spin-
boson dynamics should be considered. Together with a
modest reduction in ion number, decoherence rate and
implementation of EIT cooling of the motional modes of
the crystal, we predict that the next generation of exper-
iments could prepare the true B = 0 ground-state (cat-
state) for a mesoscopic number of ions with a fidelity of
FSBGS = 0.5− 0.75.
Finally we have shown that ramp protocols can be a
useful method for generating metrologically useful entan-
10
gled states. In particular, we predict the generation of
large Fisher information per particle ( 1) even for very
short (non-adiabatic) ramps, outperforming the equiva-
lent entanglement generated by application of the generic
squeezing Hamiltonian. The rapid generation of mul-
tipartite entanglement is a key tool in combating the
fragility of such states to decoherence.
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Appendix A: Additional sequence to prepare the
spin cat-state
In the main text, we briefly outline a procedure to pre-
pare a pure spin-cat state via preparation of the ground-
state of the Dicke Hamiltonian. Here, we expand upon
this discussion and give the appropriate details to verify
this step.
In the weak-field limit, B  g20/|δ|, the ground-state
of the Dicke Hamiltonian is the spin-phonon cat-state:
|ψGSSB, I〉 =
1√
2
(
|α0, 0〉|N/2〉z+|−α0, 0〉|−N/2〉z
)
, (A1)
where α0 = g0
√
N/(2δ). Here |α, n〉 ≡ Dˆ(α)|n〉 is a
displaced Fock state, obtained by acting the displacement
operator Dˆ(α) = eαaˆ
†−α∗aˆ on the Fock state |n〉.
Since the spin and phonon degrees of freedom are en-
tangled in the ground-state [Eq. (A1)], the state obtained
by tracing over the phonon degree of freedom is charac-
terized by the density operator
ρˆs =
1
2
[
|N/2〉z〈N/2|z + | −N/2〉z〈−N/2|z
]
+
e−|α0|
2
2
[
| −N/2〉z〈N/2|z + |N/2〉z〈−N/2|z
]
.
As the displacement amplitude |α0| is increased, the re-
duced density matrix exponentially loses any informa-
tion about the coherences which are exhibited in the
spin-phonon superposition state. As a concrete exam-
ple, the ground-states of the main text typically have
a mean phonon occupation |α0|2 ∼ 2–30, leading to
e−|α0|
2 . 0.1. To fully probe the available coherences
via only the spin degree of freedom, we must first trans-
form Eq. (A1) to a spin and phonon product state,
|ψSB〉 = |φ〉 ⊗ 1√
2
(
|N/2〉z + | −N/2〉z
)
, (A2)
where |φ〉 is some arbitrary state characterizing the
phonon degree of freedom.
A possible procedure to achieve this decomposition is
the following: At the conclusion of the ramp protocol, we
fix the transverse field at B = 0 and quench the detuning
δ → δ′ = 2δ. The spin-phonon state is then allowed to
evolve for a duration td = pi/δ
′. In the interaction pic-
ture, the initial spin-phonon superposition state evolves
as
|ψSB〉 = Uˆ(t)|ψGSSB, I〉, (A3)
where
Uˆ(t) = UˆSB(t)UˆSS(t), (A4)
UˆSS(t) = exp
(
−i J
N
Sˆ2z t
)
, (A5)
UˆSB(t) = Dˆ(β(t, δ
′)Sz). (A6)
Here, Uˆ(t) is the propagator corresponding to the Dicke
Hamiltonian with B = 0 [Eq. (1) of the main text]. The
propagator is comprised of two parts, the spin-spin prop-
agator UˆSS(t) and the spin-phonon propagator UˆSP(t)
where β(t, δ) = −g0(1 − e−iδt)/(2δ
√
N) (see [32] for a
more detailed discussion).
If at the end of the ramp we quench the detuning to
δ′ = 2δ and apply Uˆ(t) for td = pi/δ′, such that β(td, δ′) =
12
−gN/(2δ), it is then clear that UˆSB will displace the
phonon coherent states (in a direction dependent on the
sign of the Sz component) back to vacuum, | ± α0, 0〉 →
|0〉. Note that the action of UˆSS on the spin component
of the ground-state imprints an irrelevant global phase
ϕ = JNtd/2 on the decoupled state Eq. (A2).
An alternative, but closely related, procedure to disen-
tangle the spin-phonon state is to drive the spin-phonon
coupling on resonance, δ → δ′ = 0. In this case, one
must shift the phase of the drive by pi/2 such that the
spin-phonon coupling transforms as g0√
N
(aˆ + aˆ†)Sˆz →
ig0√
N
(aˆ − aˆ†)Sˆz, and subsequently evolve the system for
a duration duration td = 1/|δ|. Following this procedure
results in a spin-dependent coherent displacement of the
phonon state back to vacuum, |±α0, 0〉 → |0〉, in a man-
ner similar to the previously discussed protocol.
We make one further point regarding the disentangling
protocols. In the experimental system we generally char-
acterize the initial state of the phonons as a thermal en-
semble ρˆn¯ while the spin-degree of freedom is prepared
in a pure state, such that the initial spin-phonon state
is ρˆSB(0) = ρˆn¯ ⊗ | − N/2〉x〈−N/2|x. If the protocol is
adiabatic and there is no coupling between the excited
energy levels, then not only is the ground-state compo-
nent of this initial ensemble mapped to the weak-field
ground-state of the Dicke Hamiltonian, but the excited
fraction due to the thermal distribution is also mapped
identically. This implies that the final state at the end of
the ramp protocol will be a mixture of the true ground-
state and the low-lying excitations, which, if δ2 < g2N ,
can be characterised as displaced Fock states | ± α0, n〉
where n corresponds to the number of phonon excita-
tions above the true ground-state [these excitations are
illustrated in Figs. 1 (a) and (b) of the main text].
The action of the hold protocol on these states is
to identically displace the phonon state such that | ±
α0, n〉 → |n〉. This maps the spin-phonon excited states
to the form of a product state identical to Eq. (A2).
Hence, tracing the phonons out of these excited states
also recovers the spin cat-state. It is this realization
which motivates the relation FScat ≥ FSBGS as a lower
bound in the previous section, as it possible for excited
spin-phonon states to contribute to an increased fidelity
to the pure spin cat-state after the disentangling proto-
col.
Appendix B: Experimental Optimisation of ramp
protocols
To experimentally optimize the ramp protocols demon-
strated in this work, we chose to optimize with respect
to the total magnetization 〈|Sˆz|〉 at the end of the ramp.
For the EXP ramp, we compared approximately 20 dif-
ferent ramp profiles that utilized different exponential de-
cay rates. Specifically, we would perform an experiment
where the effective transverse field was ramped from the
FIG. 6. Balancing the P (Mexpz ) distributions. (a) P (M
exp
z )
distribution functions extracted from experimental measure-
ments of the spin-projection Mexpz at the end of an EXP ramp
of the transverse magnetic field to zero. The distribution
functions are plotted as a function of frequency offset of the
microwaves that generate the effective transverse magnetic
field from the spin-flip resonance in the absence of the spin-
dependent force. (b) Plot of the average magnetization 〈Sˆz〉
from (a) as a function of the microwave offset frequency. An
offset frequency that balanced the distributions at the end of
the ramping sequence, defined by 〈Sˆz〉, was used in studies
described in the main text that measured the spin-projection
distribution when stopping the ramp at different times.
initial field B(t = 0) at a fixed decay rate to B ≈ 0, where
we then measured the spin-projection M expz along the zˆ-
axis. This experiment was repeated, typically 500− 700
times, to gather statistics on the resulting distribution
and obtain a measurement of 〈|Sˆz|〉 from the histogram
of M expz measurements. We then picked a ramp pro-
file with a different exponential decay rate, and repeated
this procedure. After identifying the exponential decay
rate that optimized the final magnetization 〈|Sˆz|〉, we
performed experiments that measured the magnetization
distribution P (M expz ) when stopping the ramp at differ-
ent times, as discussed in the main text. We followed
a similar procedure to experimentally optimize the LAA
ramp profile, where approximately 10 different ramp pro-
files were calculated using different spin-spin interaction
strength J . We consistently found that the ramp profile
calculated from the independently measured spin-spin in-
teraction J/(2pi) = 1.75 kHz achieved the maximum ob-
served 〈|Sˆz|〉.
When performing these ramp sequences and observing
the distributions of M expz , in some cases the distributions
would be biased to positive or negative spin-projection.
This can be observed in the distribution of Fig. 6(a) at
zero offset frequency. Such an effect can be explained
by a small longitudinal magnetic field that breaks the
symmetry of the ground state. We discuss the resilience
of our typical protocol to such stray fields in the next
section. The small longitudinal field was likely due to
imperfect nulling of the Stark shift from the off-resonant
laser beams that generate the spin-dependent force [26].
We would observe that this effect varies day to day. To
compensate for this effect, during the ramp we would ap-
ply a small frequency offset to the microwaves that pro-
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FIG. 7. The effect of residual longitudinal fields on off-
diagonal coherences. For residual fields of Bz/(2pi) . 50 Hz,
indicated by the shaded region, the state at the end of the
EXP protocol contains appreciable coherence between the
|N
2
〉z and | − N2 〉z states.
vided the effective transverse field. For each frequency
offset, we would measure the distribution of measure-
ments M expz at the end of the transverse field ramp as
shown in Fig. 6(a). For the appropriate offset, the distri-
bution would be balanced, with large, separated peaks at
positive and negative values of M expz . To choose the op-
timum, we plot 〈Sˆz〉 as a function of the frequency offset
and extract the zero crossing, as shown in Fig. 6(b).
Appendix C: Effects of residual longitudinal fields
In the presence of a non-zero longitudinal field Bz the
Hamiltonian describing the system is given by,
Hˆ(t) = −δaˆ†aˆ+ g0√
N
(
aˆ+ aˆ†
)
Sˆz
+B(t)Sˆx +BzSˆz. (C1)
The ground-state of this Hamiltonian is no longer degen-
erate, and is given by one of the two states, | ±α0〉 ⊗ | ±
N/2〉z, depending on the sign of the additional longitu-
dinal field.
Furthermore, this Hamiltonian is no longer symmetric
under the transformation Sˆz → −Sˆz, Sˆy → −Sˆy and
aˆ → −aˆ. In principle, this loss of symmetry implies
that the ground-state at large B(t) given by |ψGSSB,B〉 is
no longer restricted to adiabatically connect to the cat
ground-state |ψGSSB,I〉. Instead it preferentially connects
to one of the two states | ± α0〉 ⊗ | ± N/2〉z, depending
on which has the lower energy for a given Bz.
Despite this, we find that in the presence of a mod-
erate symmetry breaking field Bz 6= 0 we can still pre-
pare a state which has significant overlap with the cat-
state. We characterize the resilience of our protocol to
finite Bz by computing the magnitude of the extremal off-
diagonal coherences of the reduced density matrix of the
spins following the spin-phonon disentangling protocol
discussed in Appendix A. We consider an EXP ramp with
τramp = 2 ms. Following the disentangling procedure,
and after tracing out the phonons, the density matrix of
the spins can be decomposed as ρˆ =
∑
m,n ρm,n|m〉〈n|.
The coherences, plotted in Fig. 7, are then given by the
coefficients ρN
2 ,−N2 and ρ−N2 ,N2 . We find the protocol
still achieves significant coherence for Bz/(2pi) . 50 Hz,
which is a level of control over stray longitudinal fields
which is experimentally achievable.
We attribute the maintained coherence to the non-
adiabaticity of the ramp with respect to the gap, in
the limit Bx → 0 and a small Bz field, between the
states |N2 〉z and | − N2 〉z given by ∆ = BzN . Specifi-
cally, if the ramp is short such that τramp . 1/(BzN)
then diabatic excitations couple the states and we re-
tain a coherent superposition. Extending this more gen-
erally, to achieve significant cat-state fidelity we require
1/J . τramp . 1/(BzN) such that the ramp generates di-
abatic excitations at Bx → 0, yet remains adiabatic with
respect to the energy gap at the critical point Bx ∼ J .
